To investigate the signaling pathways through which defense responses are activated following pathogen infection, we have isolated and characterized the cpr22 mutant. This plant carries a semidominant, conditional lethal mutation that confers constitutive expression of the pathogenesisrelated (PR) genes PR-1, PR-2, PR-5 and the defensin gene PDF1.2. cpr22 plants also display spontaneous lesion formation, elevated levels of salicylic acid (SA) and heightened resistance to Peronospora parasitica Emco5. The cpr22 locus was mapped to chromosome 2, approximately 2 cM telomeric to the AthB102 marker. By analyzing the progeny of crosses between cpr22 plants and either NahG transgenic plants or npr1 mutants, all of the cpr22-associated phenotypes except PDF1.2 expression were found to be SA dependent. However, the SA signal transducer NPR1 was required only for constitutive PR-1 expression. A cross between cpr22 and ndr1±1 mutants revealed that enhanced resistance to P. parasitica is mediated by an NDR1-dependent pathway, while the other cpr22-induced defenses are not. Crosses between either coi1±1 or etr1±1 mutants further demonstrated that constitutive PDF1.2 expression is mediated by a JA-and ethylene-dependent pathway. Based on these results, the cpr22 mutation appears to induce its associated phenotypes by activating NPR1-dependent and NPR1-independent branches of the SA pathway, as well as an ethylene/JA signaling pathway. Interestingly, the SA-dependent phenotypes, but not the SA-independent phenotypes, are suppressed when cpr22 mutants are grown under high humidity.
Introduction
The ability of a plant to recognize an invading pathogen and activate defense responses is sometimes controlled by the direct or indirect interaction between the products of a plant resistance (R) gene and a pathogen avirulence (avr) gene (Flor, 1971; Keen, 1990) . One of the defenses frequently activated by this interaction is the hypersensitive response (HR), which is manifested as necrotic lesions that develop at the sites of pathogen infection (Dangl et al., 1996; Hammond-Kosack and Jones, 1996) . Around the time of HR development, the inoculated leaves also exhibit increased levels of salicylic acid (SA) and the induction of various defense-associated genes, including the pathogenesis-related (PR) genes. Subsequent to these events, the uninfected portions of the plant usually develop a broad based, long-lasting resistance to subsequent infection; this phenomenon is known as systemic acquired resistance (SAR; Dempsey et al., 1999) . Concurrent with SAR development, SA levels rise in the uninoculated leaves and PR gene transcripts begin to accumulate. For this reason, increased PR gene expression is frequently used as a marker for SAR development.
Many studies have implicated SA as an important signal for the activation of certain defense responses. For example, tobacco and Arabidopsis plants expressing the nahG transgene, which encodes the SA-degrading enzyme salicylate hydroxylase, fail to develop SAR or express PR genes in the uninoculated leaves. These plants also exhibit heightened susceptibility to infection by virulent and avirulent pathogens Gaffney et al., 1993; Vernooij et al., 1994) . In addition, constitutively
The Plant Journal (2001) 26(4), 447±459 ã 2001 Blackwell Science Ltd elevated SA levels correlate with constitutive PR expression and enhanced disease resistance in a variety of Arabidopsis mutants (lsd; Dietrich et al., 1994; Weymann et al., 1995; cpr; Bowling et al., 1994 Bowling et al., , 1997 Clarke et al., 1998; ssi; Shah et al., 1999; cep; Silva et al., 1999; cim; Ryals et al., 1996; acd; Greenberg et al., 1994; Rate et al., 1999) . By contrast, the non-expressor of PR-1 (npr1) and no immunity (nim1) mutants, which are insensitive to SA, fail to develop SAR and exhibit enhanced disease susceptibility Delaney et al., 1995; Glazebrook et al., 1996; Shah et al., 1997) .
Although NPR1 plays a key role in transducing the SA signal leading to PR gene expression and SAR, a growing body of evidence suggests that an NPR1-independent defense signaling pathway(s) also exists. In npr1 mutants, an SA-dependent, NPR1-independent pathway appears to regulate HR development and PR gene expression following infection with avirulent pathogens Delaney et al., 1995; Glazebrook et al., 1996; Kachroo et al., 2000; Shah et al., 1997 ). An NPR1-independent pathway(s) has also been shown to mediate resistance to various pathogens in cpr5, cpr6 and eds5±1 mutants, as well as Di-17 Arabidopsis (Bowling et al., 1997; Clarke et al., 1998; Kachroo et al., 2000; Rate et al., 1999; Reuber et al., 1998; Shah et al., 1999) . A caveat to the existence of an SAdependent, NPR1-independent defense pathway is that SA treatment does not induce PR gene expression or disease resistance in npr1 plants Delaney et al., 1995; Glazebrook et al., 1996; Shah et al., 1997) ; it also fails to activate HR development in wild type (wt) plants. Thus, it was proposed that a second unidenti®ed signal works in conjunction with SA to activate the NPR1-independent pathway. Since this signal would normally be generated in response to pathogen infection, treating npr1 or wt plants with SA alone would not be suf®cient to activate these NPR1-independent responses.
In addition to SA, the signaling molecules ethylene and jasmonic acid (JA) have been shown to regulate various plant defense responses (Dong, 1998; Pieterse and van Loon, 1999; Reymond and Farmer, 1998) . Currently, the relationship between these signaling pathways is not well understood. In tobacco and Arabidopsis, SA was shown to work synergistically with ethylene or the JA derivative methyl jasmonate (MeJA) to superinduce PR gene expression (Lawton et al., 1994; Xu et al., 1994) . However, JAdependent but SA-independent pathways regulate PDF1.2 induction and ISR (Induced systemic resistance) activation, and an SA-dependent, ethylene-/JA-independent pathway mediates PR expression and SAR development in Arabidopsis (Dong, 1998; Pieterse and van Loon, 1999) . Furthermore, MeJA and SA have been shown to mutually antagonize each other's ability to induce defense gene expression in tobacco (Vidal et al., 1997; Niki et al., 1998) , and SA inhibits JA synthesis in several plant species (Dong, 1998; Reymond and Farmer, 1998) .
To further elucidate the mechanisms through which defense responses are activated, we have screened a collection of T-DNA tagged lines from the Arabidopsis ecotype Wassilewskija (Ws; Feldmann, 1992) for plants that constitutively express the PR-1 gene. In this paper, we describe the cpr22 mutant, which constitutively expresses PR-1, as well as several other SA-dependent and ethylene/ JA-dependent defense responses. Interestingly, the cpr22 mutation appears to activate the SA-dependent responses through both NPR1-independent and NPR1-dependent signaling pathways. Furthermore, all of the SA-dependent responses, but not the SA-independent responses, are suppressed by high humidity growth conditions. Based on these results, a model for CPR22 function is proposed.
Results

Identi®cation and characterization of the cpr22 mutant
Approximately 4200 T-DNA tagged lines from the Ws ecotype were screened for individuals that constitutively express PR-1 using the method of Silva et al. (1999) . One plant was identi®ed; due to the constitutive PR-1 expression phenotype, it was designated cpr22 (Figure 1a) . All of the following experiments were performed with a mutant line that was backcrossed three times to wt Ws plants. Following self-pollination of a cpr22 mutant plant, a segregation ratio of 1 lethal: 2 PR + : 1 PR ± was obtained (Table 1 and Figure 1b ). This suggests that cpr22 is inherited as a semidominant mutation that is lethal in the homozygous condition. This possibility was con®rmed through analysis of progeny from a cross between a cpr22 and a Ws plant (Table 1) . As predicted, the F 1 progeny exhibited a ratio of 1 PR + : 1 PR ± plant, and the F 2 progeny exhibited a ratio of 1 lethal: 2 PR + : 1 PR ± (c 2 = 0.27; 0.95 > P > 0.8). Similar ratios also were observed in the F 1 and F 2 progeny of a cross between cpr22 and Columbia (Col-0) plants (Table 1) . Unfortunately, the presence of the T-DNA did not cosegregate with constitutive PR-1 expression in the progeny from any of these crosses (data not shown). Thus, the cpr22 mutation is not T-DNA tagged.
To determine the chromosomal location of the cpr22 locus, cleaved ampli®ed polymorphic sequence (CAPS; Konieczny and Ausubel, 1993) and simple sequence-length polymorphisms (SSLP; Bell and Ecker, 1994) analysis were performed on progeny from a cross between cpr22 and Col-0. The cpr22 locus was mapped to chromosome 2, approximately 2 cM from AthB102. Several novel CAPS markers were subsequently generated; one of these appears to be tightly linked to crp22. We have screened 700 plants with this marker but no segregants have been identi®ed. None of the previously published Arabidopsis mutants which express PR-1 constitutively exhibit a lethal phenotype or map at lower arm of chromosome 2 (Bowling et al., 1997; Clarke et al., 1998; Ryals et al., 1996; Shah et al., 1999; Silva et al., 1999) thus, cpr22 represents a novel locus and efforts to clone it are in progress. The cpr22 mutant constitutively exhibits several defenseassociated responses
In addition to constitutively expressing PR-1, the cpr22 mutant expressed PR-2 and PR-5, as well as the defensin gene PDF1.2 (Figure 1a ). While none of these genes is constitutively expressed in wt Ws plants, exogenously supplied SA induced PR-1, ± 2 and ± 5 gene expression in wt Ws plants to levels comparable with those detected in the untreated cpr22 mutant. By contrast, SA treatment did not induce PDF1.2 expression in wt Ws plants, as expected. The cpr22 mutant also exhibited several abnormal phenotypes that cosegregated with constitutive PR gene expression. Homozygous cpr22 plants developed through the cotyledon stage but then stopped growing, became increasingly chlorotic and died within 14 d post planting (dpp; Figure 1b) . By contrast, heterozygous cpr22 plants were stunted, developed curly leaves (Figure 1b) , and spontaneously formed chlorotic lesions (Figure 1c ) approximately 10 dpp, although they survived to produce seeds. Microscopic analysis revealed that the lesions of cpr22/± plants exhibited several HR-like characteristics, including the accumulation of auto¯uorescent material and the presence of dead cells (Figure 1c ). By contrast, no auto¯uoresence or dead cells were observed in the leaves of wt plants.
The cpr22 mutant displays enhanced disease resistance Since PR gene expression is usually associated with SAR development, we tested whether cpr22 plants exhibit increased resistance to the virulent oomycete pathogen P. parasitica isolate Emco5. By 7 d post inoculation (dpi) with P. parasitica Emco5, the leaves of nearly all wt plants displayed profuse hyphal growth and the development of oospores ( Figure 2 and Table 2 ). In comparison, 68% of the progeny from a self-pollinated cpr22/CPR22 plant were resistant to P. parasitica Emco5. These results suggest that cpr22 confers enhanced resistance to P. parasitica Emco5. Elevated SA levels are required for several cpr22-induced phenotypes
Since elevated levels of SA are associated with constitutive PR gene expression in the previously described cpr mutants, we monitored the levels of free SA and SA glucoside (SAG) in cpr22 plants. Soil-grown cpr22/CPR22 plants contained approximately 11-fold higher levels of free SA than wt plants, while their SAG levels were approximately 13-fold greater ( Figure 3 ). To determine whether SA accumulation is required for the development of any cpr22-associated phenotypes, the cpr22 mutant was crossed with a nahG-expressing plant from the Landsberg (Ler) ecotype. All 10 F 1 progeny contained the nahG transgene; however, none exhibited constitutive PR-1 expression (Table 3 and Figure 4a ). In addition, none of these plants displayed stunted growth, curled leaves or spontaneous lesion formation (data not shown). However, six plants did exhibit constitutive PDF1.2 expression (Figure 4a ), suggesting that they contain the cpr22 allele. Based on these results, SA appears to be required for cpr22-induced PR-1 expression, spontaneous lesion formation and stunted growth, but not for constitutive PDF1.2 expression. Analysis of the F 2 progeny con®rmed this assumption; the only F 2 plants found to express PR-1, exhibit stunted growth and develop spontaneous lesions lacked the nahG transgene ( Figure 4a and data not shown). By contrast, all 41 F 2 plants containing at least one copy of the nahG transgene failed to express PR-1 ( Figure 4a and Table 3 ) and exhibit abnormal growth and spontaneous cell death ( Figure 6 ). If these phenomena were SA independent, 50% of the nahG-expressing plants should have shown this phenotype and 25% should have died. Furthermore, 28 of the 41 nahG-expressing F 2 plants constitutively expressed PDF1.2, indicating that they contained the cpr22 allele despite the lack of PR-1 expression, stunted growth or spontaneous HR development.
BTH treatment restores spontaneous lesion formation in nahG-expressing cpr22 plants
Expression of the nahG transgene was shown to abolish PR gene expression and/or spontaneous lesion formation in several constitutive PR-expressing Arabidopsis mutants (Rate et al., 1999; Shah et al., 1999; Silva et al., 1999; Figure 3 . SA and SAG levels in wt and cpr22 homozygous and heterozygous plants.
Leaves from 3-wk-old plants grown on soil (white bar) or MS media under culture conditions (black bar) were harvested and the levels of free SA and SAG were determined as described by Bowling et al. (1994) . The SA and SAG values T SD are presented as micrograms of SA per gram fresh weight (FW) of tissue; they represent the average of three samples consisting of a mixture of leaves from ®ve plants per line. The homozygous cpr22/cpr22 plants grown on soil were very small and died before SA analysis could be performed. Weymann et al., 1995) . Interestingly, these phenomena were restored in the ssi1, lsd6 and acd6 mutants by treatment with the functional SA analogs 2,6-dichloroisonicotinic acid (INA) or benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH) (Rate et al., 1999; Shah et al., 1999; Weymann et al., 1995) . Thus, we monitored the ability of nahG-expressing cpr22 plants to express PR-1 and develop lesions following BTH treatment. By 5 d post BTH treatment, the leaves of nahG-expressing cpr22 plants exhibited comparable levels of PR-1 transcripts as untreated cpr22 mutant plants ( Figure 4b) ; they also contained clusters of dead cells (Figure 4c ). By contrast, no PR-1 expression was detected in water-treated nahGexpressing cpr22 plants (Figure 4b ). Likewise, spontaneous lesions did not develop on the leaves of wt plants treated with either BTH or water, or nahG-expressing cpr22 plants treated with water ( Figure 4c ). Thus, PR-1 expression and lesion formation can be restored in SA-depleted cpr22 plants by BTH treatment.
NPR1 is required for PR-1 expression but not resistance to P. parasitica in the cpr22 mutant
To determine whether NPR1 is required for activation of the cpr22-induced phenotypes, a cpr22 plant was crossed with the npr1±5 mutant (No È ssen [No È ] ecotype). The npr1±5 mutation is recessive; therefore, PR-1 expression, morphology and disease resistance were monitored in the F 2 and F 3 generation. Using CAPS analysis, nine F 2 plants homozygous for the npr1±5 mutation were identi®ed. Seven of these plants did not express PR-1 (Figure 5a and Table 3 ); however, they were stunted, had curled leaves, spontaneously formed lesions and contained comparable levels of PDF1.2 transcripts as the cpr22 mutant (Figures 5a, 6 and data not shown). The remain ing two npr1±5 homozygous plants exhibited a wt morphology and constitutively expressed PR-1 but not PDF1.2. These results suggest that NPR1 is required for cpr22-induced PR-1 expression, but not for PDF1.2 expression, stunted growth or spontaneous HR development. To further investigate this possibility, all nine npr1±5 homozygous F 2 plants were self-pollinated. The seven F 3 families derived from the stunted F 2 plants segregated a combination of wt and stunted, HR bearing, plants that expressed PDF1.2 but not PR-1 (Figures 5a, 6 and Table 3) . By contrast, all of the progeny from the remaining two F 3 families exhibited a wt morphology and did not express PR-1. These results indicate that the seven non-PR-1 expressing F 2 plants were heterozygous for cpr22, while the remaining F 2 plants were homozygous for CPR22. Moreover, they con®rm that NPR1 is required for cpr22-induced PR-1 expression, but not for PDF1.2 expression, stunted growth or spontaneous HR development. It is likely that the constitutive PR-1 expression exhibited by the two CPR22 homozygous F 2 plants was induced by some type of environmental stress. Using these F 3 families, we also determined that NPR1 is not required for cpr22-conferred disease resistance. Following infection with P. parasitica, 36 progeny from a cpr22 heterozygous, npr1±5 homozygous F 2 plant were found to be resistant and 18 were susceptible (Table 2 and Figure 2 ). By contrast, nearly all of the F 3 progeny from an F 2 plant homozygous for CPR22 and npr1±5 were susceptible to P. parasitica infection (Table 2 and Figure 2 ). All progeny from control crosses between No È wt (same ecotype as npr1±5) and Ws wt (same ecotype as cpr22) The combined analysis of the two F 3 lines whose F 2 parents were homozygous for npr1-5 and expressed the PR-1 gene.
were also susceptible (data not shown). We also tested the progeny from a cross between cpr22 and the npr1±1 mutant (Col-0 ecotype) and observed similar results to crosses with npr1±5 (data not shown).
The NDR1 gene is required for cpr22-induced resistance to P. parasitica
Genetic analyses have previously demonstrated that the defense signaling pathways activated by several R genes are dependent on NDR1 (Aarts et al., 1998; Century et al., 1995; McDowell et al., 2000) . To assess whether any of the cpr22-induced defense responses are activated via an NDR1-dependent pathway, we crossed a cpr22 plant with the ndr1±1 mutant (Col-0 ecotype). Since the ndr1±1 allele is recessive, defense gene expression and plant morph- (a) RNA gel blot analysis of F 2 progeny from a cross between cpr22 and npr1±5 mutant plants. The samples shown were derived from npr1±5 homozygous plants that exhibited stunted growth and spontaneous lesion formation. As a control, RNA was also isolated from npr1±5 (CPR22/CPR22 npr1±5/npr1±5) and cpr22 (cpr22/CPR22 NPR1/NPR1) single mutants, as well as wt (CPR22/CPR22 NPR1/NPR1) plants.
(b) RNA gel blot analysis of F 2 progeny from crosses between cpr22 and either coi1±1 or etr1±1 mutant plants. The RNA samples depicted were derived from coi1±1 or etr1±1 homozygous plants that were stunted and formed spontaneous lesions. For comparison, RNA was also isolated from stunted plants that were heterozygous for the coi1±1 or etr1±1 mutant alleles, as well as wt plants. All plants were grown on soil and were harvested when 3-wk-old. The blots shown in a and b were sequentially probed for PR-1, PDF1.2 and rRNA, which was used as an internal control for gel loading and transfer.
ology were monitored in the F 2 generation. Using CAPS analysis, nine ndr1±1 homozygous F 2 progeny were identi®ed from 36 plants. Two of these plants died following the cotyledon stage, one was like wt, and the other six were stunted, developed spontaneous lesions and constitutively expressed PR-1 and PDF1.2 to the same levels as detected in cpr22 plants (data not shown). Based on their phenotype and, for the latter group, analysis of the F 3 progeny, these plants carry the cpr22 allele. Thus, NDR1 is Figure 6 . Morphological phenotypes exhibited by the progeny of crosses between cpr22 and either NahG transgenic or npr1±5, coi1±1 or etr1±1 mutant plants. Plant morphology and the presence of cell death, as revealed by trypan blue staining, were monitored in the F 3 progeny of self-pollinated F 2 plants carrying the designated genotypes. Arrows indicate F 3 plants that are homozygous for the npr1±5 or etr1±1 allele and display stunted growth. The plants were photographed when they were 4-wk-old. Trypan blue staining was performed on the leaves of 3-wk-old plants. not required for the activation of these responses. By contrast, analysis of these F 3 families revealed that NDR1 is required for cpr22-mediated resistance to P. parasitica. All of the F 3 progeny were susceptible to this pathogen, regardless of whether they were derived from a cpr22 heterozygous, ndr1±1 homozygous F 2 plant or a CPR22, ndr1±1 homozygous F 2 plant (Table 2 and Figure 2 ).
cpr22-induced expression of PDF1.2 is dependent on ethylene and JA Since ethylene and JA play important roles in the activation of various defense responses, their role in the development of cpr22-associated phenotypes was assessed. After crossing a cpr22 plant with a Col-0 plant carrying the recessive JA-insensitive coi1±1 mutation, approximately half of the F 1 progeny exhibited PR-1 expression, as expected (Table 3 ). In the F 2 generation 18 coi1±1 homozygous plants were identi®ed. Of these, 13 plants constitutively expressed PR-1 at levels comparable with those observed in cpr22 mutant plants (Figure 5b ). Since PR-1 expression was not blocked in all of these plants, JA does not appear to be required for this cpr22-induced phenotype. After allowing these coi1±1 homozygous F 2 plants to self pollinate, families that segregated the wt and the spontaneous lesion forming stunted plant phenotypes (in conjunction with some lethality) were identi®ed ( Figure 6 and data not shown). Thus, manifestation of these phenotypes also does not require JA. By contrast, JA signaling was required for high levels of PDF1.2 expression; transcripts for this gene were dramatically reduced in coi1±1 homozygous, cpr22 heterozygous F 2 plants (Figure 5b) . Whether ethylene signals any of the cpr22-associated phenotypes was determined by crossing cpr22 plants with ethylene-insensitive etr1±1 (Col-0 ecotype) plants. Of the eight F 1 progeny analyzed, three exhibited PR-1 expression (Table 3) . Since the etr1±1 mutation is dominant, ethylene does not appear to be required for this phenotype. This possibility was con®rmed in the F 2 generation; of 21 plants containing at least one copy of the etr1±1 allele, 14 plants exhibited constitutive PR-1 expression (Table 3 and Figure  5b ). Analysis of the progeny from these F 2 plants revealed that ethylene also was not required for the stunted growth or spontaneous lesion formation phenotypes or the lethality associated with cpr22 ( Figure 6 and data not shown). By contrast, expression of PDF1.2 was abolished in cpr22 plants containing the etr1±1 mutation (Figure 5b ).
The SA-dependent phenotypes induced by cpr22 are suppressed by high humidity growth conditions
To determine whether any of the cpr22-associated phenotypes are dependent on environmental conditions, we grew the mutants on MS media in magenta boxes. Strikingly, this condition reversed the lethality associated with cpr22 homozygosity. Moreover, the morphology of both cpr22 homozygous and heterozygous plants was nearly indistinguishable from that of wt controls (Figure 7a and data not shown). Spontaneous lesion formation and constitutive PR-1 expression also were suppressed when cpr22 homozygous and heterozygous plants were grown in magenta boxes (Figure 7b,c) . Correlating with the repression of these SA-dependent phenotypes, an approximately 6-fold reduction in free SA and SAG levels was observed when cpr22 heterozygotes were grown in magenta boxes rather than in soil (Figure 3) . SAG levels in box-grown-cpr22 homozygous plants were also similar to those of wt plants, while those of free SA were elevated approximately 2-fold. By contrast, constitutive expression of the SA-independent, ethylene-and JA-dependent PDF1.2 gene was comparable in magenta box-and soilgrown cpr22 mutant plants (Figure 7c ).
It is possible that the SA-dependent responses were suppressed in magenta box-grown cpr22 plants because the MS media ful®lled some nutritional de®ciency that activated these responses in soil-grown plants. To test this, we grew cpr22 plants on soil, rock wool or MS media without sucrose in magenta boxes. Regardless of the substrate, the SA-dependent responses, but not the SAindependent responses were suppressed (data not shown). The accumulation of ethylene gas, which is released under various stress conditions (Morgan and Drew, 1997) , also might inhibit SA accumulation and thereby suppress the SA-dependent phenotypes in boxgrown cpr22 mutants. However, growing seeds under 5± 20 p.p.m. ethylene gas failed to rescue the lethal phenotype associated with the homozygous cpr22 mutation (data not shown). Another possibility is that the high relative humidity (RH) found in magenta boxes suppresses the SA-dependent responses. To assess this, we grew cpr22 homozygous plants in soil under ambient (50±55%) RH or elevated (90±95%) RH. At 7±10 dpp, cotyledons of the plants grown under ambient humidity displayed necrotic lesions (Figure 7d ). By contrast, the plants grown at 90± 95% RH were indistinguishable from wt plants at 10 dpp. Possibly because the RH was not as high as in magenta boxes, these plants eventually developed curly leaves; however, they were able to complete their growth cycle.
Discussion
In this paper, we describe the isolation and characterization of the cpr22 mutant, which constitutively expresses PR-1, PR-2, PR-5 and the defensin gene PDF1.2. cpr22 plants also accumulate elevated levels of SA, exhibit enhanced resistance to P. parasitica Emco5, spontaneously form HR-like lesions and exhibit stunted growth.
Characterization of cpr22 mutant 455
Other previously identi®ed cpr mutations have been shown to confer some of these phenotypes; however, the semidominant cpr22 mutation is unique because it is conditionally lethal in the homozygous condition.
To determine where CPR22 functions in the pathways leading to defense responses, we crossed the cpr22 mutant with plants defective in the SA (NahG, npr1±5 and npr1±1), ethylene (etr1±1) and JA (coi1±1) signaling pathways. In addition, cpr22 was crossed with the ndr1±1 mutant, which is defective for defense signaling mediated by a variety of R genes. Analysis of the progeny from a cross between cpr22 and NahG transgenic plants revealed that all of the cpr22-associated phenotypes except PDF1.2 expression are dependent on SA. However, double mutant progeny from crosses between cpr22 and either npr1±1 or npr1±5 plants retained all of the SA-dependent phenotypes except constitutive PR-1 expression. The simplest explanation for these results is that cpr22 activates PR-1 expression via an SA-dependent, NPR1-dependent pathway and lethality, spontaneous lesion formation, stunted growth and enhanced resistance to P. parasitica Emco5 through an SA-dependent, NPR1-independent pathway.
In addition to our ®ndings, several other studies have demonstrated that various defense responses, including lesion formation and disease resistance, can be induced via an SA-dependent, NPR1-independent pathway(s) (Clarke et al., 1998; Kachroo et al., 2000; Nawrath and Me Â traux., 1999; Rate et al., 1999; Reuber et al., 1998; Shah et al., 1999) . NPR1-independent resistance to P. parasitica was also detected in cpr5 and cpr6 mutants (Bowling et al., 1997; Clarke et al., 1998) . However, whether the NPR1-independent pathway activated in these mutants is SA dependent, and therefore comparable with that detected in cpr22 plants, is unclear.
Since SA treatment activates neither disease resistance in npr1 plants nor HR development in wt plants, a second signal must work with SA to activate the NPR1-independent pathway in cpr22 plants. The existence of a second signal that is required for SA-dependent, NPR1-independent resistance was previously proposed by Clarke et al. (1998) and Reuber et al. (1998) . Analogous to the model proposed for acd6 (Rate et al., 1999) , the cpr22 mutation may lead to constitutively elevated SA levels, which would be suf®cient to activate the NPR1-dependent pathway for PR-1 expression. The cpr22 mutation would also cause constitutive generation of the proposed second signal, which would work with SA to induce the NPR1-independent pathway(s) for HR development, disease resistance and altered plant morphology (Figure 8 ). The requirement for SA and a second signal to activate NPR1-independent responses would also explain why BTH or INA treatment induces lesion formation in cpr22, acd6, ssi1 or lsd6 mutants expressing the nahG transgene, but not in NahG plants containing wt alleles of these genes (Rate et al., 1999; Shah et al., 1999; Weymann et al., 1995) . NahG plants containing the mutant alleles would accumulate the second signal but lack SA; this de®cit would be remedied by BTH or INA treatment. By contrast, NahG plants carrying the wt alleles would not accumulate the second signal, and neither BTH nor INA alone can promote lesion development.
Analysis of the progeny from crosses between cpr22 and either the etr1±1 or coi1±1 mutants revealed that neither ethylene nor JA is involved in promoting the SA-dependent responses. However, both signaling molecules are required for cpr22-mediated expression of PDF1.2. Consistent with these results, Penninckx et al. (1996 Penninckx et al. ( , 1998 previously showed that PDF1.2 expression is regulated by an SA-independent, JA-and ethylene-dependent signaling pathway. Taken together, our results suggest that the cpr22 mutation activates distinct SA-and JA-/ In this model, the cpr22 mutation induces SA synthesis and generates the proposed second signal via a humidity sensitive factor (HSF). Since this factor is sensitive to environmental conditions, it acts as a regulator of the SA-dependent signaling pathway. When cpr22 plants are grown in magenta boxes, the resultant high humidity alters the expression or activity of this factor, which leads to suppression of SA and the second signal, as well as their resulting induced phenotypes. By contrast, high humidity does not affect the JA/ethylene-dependent responses.
ethylene-dependent pathways to induce its associated phenotypes.
The cross between cpr22 and ndr1±1 further demonstrated that enhanced resistance to P. parasitica by cpr22 mutation requires the NDR1 gene. By contrast, previous analyses have shown that several P. parasitica R genes including RPP8 gene which confer resistance against isolate Emco5, utilize an NDR1-independent pathway (McDowell et al., 2000) . It is currently unknown whether the signaling pathway activated in cpr22 plants is the same as one of the signaling pathways activated by R genes. However, it is likely that cpr22 activated signaling feeds into an NDR1-, SA-dependent pathway, similar to RPP4-mediated signaling to confer resistance to P. parasitica. In comparison with disease resistance, cpr22-induced defense gene expression, spontaneous HR formation and stunted growth do not require NDR1. Consistent with this result, disease resistance and HR formation in the ndr1±1 mutant also differed in their requirement for NDR1 (Century et al., 1995) .
An interesting aspect of the cpr22 mutant is that constitutive SA accumulation and all of the SA-dependent defense responses are suppressed by high humidity conditions, while the SA-independent responses are unaffected. Generation of the putative second signal for HR development also appears to be humidity sensitive, since BTH treatment did not restore lesion formation in magenta box-grown cpr22 plants (data not shown). Previous studies have demonstrated that high humidity conditions suppress SA-dependent spontaneous lesion formation in the lsd6 mutant (Weymann et al., 1995) . High humidity conditions also suppressed and/or delayed the activation of various defense responses, including HR development, in Avr-treated Cf9 and Cf2 tomato May et al., 1996) . As was observed with cpr22 mutants grown under high RH, Avrtreated Cf9 plants grown under high humidity contained dramatically lower SA levels than comparable plants grown under ambient humidity .
Based on our results, we propose that CPR22 acts as a common signaling element for both the SA-and JA/ ethylene-dependent pathways (Figure 8) . In response to pathogen infection, activation of this gene would lead to increased synthesis of SA, JA and/or ethylene and the putative second signal, thereby activating the SA-dependent and the JA/ethylene-dependent responses. Since the cpr22 mutation is semidominant, pathogen-independent activation of these responses is likely due to a gain-offunction mutation in a positive regulator of the SA-and JA/ ethylene-mediated pathways. However, the possibility that cpr22 is a semidominant loss-of-function mutation in a negative regulator of these pathways cannot be ruled out. The humidity-induced suppression of certain cpr22-mediated phenotypes could then be explained if induction of SA synthesis and generation of the proposed second signal are mediated by a humidity sensitive factor (HSF; Figure 8 ). Since PDF1.2 gene expression is not altered by high humidity, HSF likely acts after the pathway has split into SA-dependent and JA/ethylene-dependent branches. Under ambient humidity conditions, the cpr22 mutation would cause pathogen-independent activation of both the SA and JA/ethylene pathways. However, in high humidity conditions, SA production and generation of the second signal would be suppressed. The presence of an analogous HSF in Cf2 and Cf9 tomato plants could explain why elevated humidity conditions also suppress their ability to activate defense responses following Avr treatment May et al., 1996) .
Rather than inactivating an HSF, it is also possible that high humidity conditions speci®cally suppress HR development, which indirectly suppresses the other SA-dependent cpr22-induced phenotypes. Consistent with this hypothesis, it was proposed that the HR and SA are part of a self-amplifying loop that regulates defense response activation (Draper, 1997; Shirasu et al., 1997; Van Camp et al., 1998) . In this scenario, suppressing HR development (by growing cpr22 plants under high humidity conditions), or preventing SA accumulation (by expressing the nahG transgene) would break the ampli®cation loop, thereby inhibiting the SA-dependent phenotypes.
Although the mechanism through which cpr22 activates its associated responses remains to be de®ned, we have demonstrated that this mutation induces both SA and JA/ ethylene-dependent defense pathways. In addition, cpr22 appears to induce the SA-dependent responses in a humidity sensitive manner through both NPR1-dependent and NPR1-independent pathways. Future analysis of the cpr22 mutant should therefore provide insights into the regulation of SA-dependent and SA-independent defense responses, as well as clarify the mechanisms through which NPR1-dependent and NPR1-independent branches of the SA signaling pathway are activated.
Experimental procedures
Plant growth conditions and isolation of the cpr22 mutant Arabidopsis thaliana plants were grown on Pro-Mix soil (Premier Horticulture Inc., Red Hill, PA, USA) or in magenta boxes (Sigma, St Louis, MO, USA) containing Murashige and Skoog (MS) media (Murashige and Skoog, 1962) in a growth chamber as described by Silva et al. (1999) . For isolation of the cpr22 mutant, approximately 4200 T-DNA tagged lines from the Ws ecotype were screened for individuals that constitutively expressed the PR-1 gene using the method of Silva et al. (1999) . The effect of humidity on the cpr22 phenotype was assessed by growing cpr22 plants under the above conditions, except that the growth chambers were set for the appropriate humidity. The RH was measured by a hygrometer.
Oomycete infection
Preparation of and infection with P. parasitica isolate Emco 5 were carried out as described earlier (Cooley et al., 2000) . Plants were sprayed with a freshly prepared suspension of conidiospores in water (10 6 spores ml -1
) and pathogen growth was evaluated 7 d post inoculation by counting the number of sporangiophores per leaf. Plants with leaves containing sporangiophores were scored as susceptible.
Analysis of plant cell death and pathogen structures
Dead plant cells and P. parasitica hypae and oospores were visualized by staining with lactophenol-trypan blue (Koch and Slusarenko, 1990 ).
Genetic analysis
Mapping of CPR22 was performed on the F 2 progeny derived from crosses between cpr22 (WS ecotype) and wt Col-0 plants using CAPS (Konieczny and Ausubel, 1993) and SSLP markers (Bell and Ecker, 1994) . Wild-type plants were identi®ed based on morphology and the lack of constitutive PR-1 gene expression.
Crosses between cpr22 and a NahG transgenic plant, as well as npr1±5, coi1±1, etr1±1 or ndr1±1 mutants were performed using pollen from a cpr22 heterozygous plant. The genotype of the F 1 , F 2 and F 3 progeny at the NPR1, COI1 or ETR1 loci, or the presence of the nahG transgene, was determined by CAPS analysis or PCR method, as described by Kachroo et al. (2000) . The genotype of the F 1 , F 2 and F 3 progeny at the NDR1 locus was determined by comparing the products generated from wt DNA (901 and 997 bp) and ndr1±1 DNA (997 bp) using the primers 1.6 GF, AATCTACTACGACGATGTCCAC and REV2534, GGGACGGTTT-CAATTCTGTGATAG.
RNA extraction and gel analysis
Small-scale RNA extractions were carried out using TRIzol reagent (Gibco BRL, Rockvill, MO, USA), according to the manufacturer's instructions. RNA blot analysis and synthesis of random primed probes were carried out as described earlier . RNA gel blot hybridization was performed as described previously (Kachroo et al., 1995) .
Extraction and analysis of SA SA and its glucoside (SAG) were extracted from 0.2 to 0.3 g of leaf tissue and their levels determined as described by Bowling et al. (1994) .
